Introduction
In this paper, we test the multivariate model of securities' excess returns formulated by Engle et al. (1990) on an expanded set of maturities. By applying their methodology to the entire Treasury term structure, we consider the applicability of a parsimonious common factor approach to the dynamics of short-, medium-, and long-term interest rates. We extend their methodology to incorporate asymmetric GARCH representations, in which the slope of the yield curve (and its sign) affects the evolution of the conditional variance of excess returns in fixed-income and equity markets. We find this approach quite successful in explaining the comovements of excess returns on the spectrum of Treasury issues for the period.
The paper is organized as follows. In the first section, we present some stylized facts about the postwar term structure, making use of Coleman et al.'s (1993) estimates of spot yields to construct holding period returns and excess returns vis-à-vis the return on a one-month security. We then present similar evidence on the series' second moments. In contrast to many studies which have focused solely o n money-market yields, we consider the entire Treasury term structure, so that we may make inferences about the behavior of capital market rates, and the interactions between short-and long-term fixed income returns and equity returns. Section 2 presents an explicit model of the second moments of excess returns, applying the Factor GARCH specification of Engle et al.'s no-arbitrage term structure model (1990) to the entire Treasury term structure and equity returns. In the last section, we make some summary remarks. § We acknowledge the comments of John Barkoulas and participants at the 1995 Conference of the Society for Computational Economics. The usual disclaimer applies.
Stylized Facts about the Postwar Term Structure of Treasury Rates
A very large proportion of empirical term structure models have been applied to the observable spot yields in the U.S. Treasury bill market-that is, yields for zero to 12 months' tenor discount bills, which are readily available from CRSP as the "Fama files." In this study, we consider the entire Treasury term structure-for bills, notes, and bonds-so that both money market and capital market returns may be modeled. We make use of a set of monthly estimates of Treasury market spot yields constructed from coupon securities' quotations by Coleman et al. (1993, CFI) .
Our work is based on the spot yields for the 14 specific tenors analyzed by CFI for their sample period of 1955 through 1992, 1 transforming them into estimated one-month holding period returns. 2 We model excess return series, created by subtracting the annualized holding period return on a one-month Treasury from the holding period return for each longer tenor. Taking the one-month security (the shortest maturity reported by CFI) as the risk-free rate, the resulting excess return series show the compensation that has been earned, ex post, by those who have assumed the risks associated with holding longer maturity bonds. These excess returns are not necessarily increasing in tenor. We also consider the variance i n these excess returns series, and how it is changing over time. A moving-window estimate of variance (with a window of 12 months' width) was calculated for each excess returns series. Analysis of these estimates reveals that the variability of excess returns increased dramatically in the 1980s when the Federal Reserve deemphasized interest rate targeting.
The correlations between excess returns on short-term securities and excess returns on longer-term securities vary considerably over the sample. One-, two-and five-year securities' excess returns were quite highly correlated to excess returns o n the three-month security until the mid-1980s. Returns on the long-term (20 year tenor) security were much more weakly related to those on three-month bills, but vary from below 0.20 to nearly 0.60 over the period. In Figure 1 , we present estimates of correlations between the three-month excess returns series and those of 12 months, 2 years, 5 years, and 20 years. 3 These movements suggest that excess returns are quite strongly interrelated at all tenors, reflecting the comovements of risk premia on the various tenors' yields, and lends further support to the concept of a common-factor-based modelling strategy.
These stylized facts about the postwar Treasury term structure suggest that a workable term structure model should explicitly consider time variation in the second moments of residual series as well as capture the interaction among tenors.
The following section presents such a model in which we have implemented time variation in the second moments, as well as asymmetry in the modelled conditional variances, using the approach of Gourieroux and Monfort (1992) .
Estimates of Factor-GARCH models for the Treasury term structure
Term structure modelling has followed two broad strands of development:
general equilibrium models, such as those pioneered by Cox, Ingersoll and Ross (1985) , and no-arbitrage partial equilibrium models. In this paper, we consider a model of the latter genre, developed by Engle et al. (1990) , and extend it to the consideration of the complete Treasury term structure rather than just its short end.
In this framework, we consider whether time-varying volatility in asset returns is a meaningful determinant of excess returns in the medium and long-term sectors of the Treasury market. The term structure literature contains scattered evidence that conclusions drawn from Treasury bill data do not readily extend to the medium and long term sectors of the Treasury market. For instance, Engsted and Tangaard (1994) extend the work of Hall, Anderson and Granger (1992) and study the cointegration properties of the term structure of interest rates, using 2-, 5-, and 10-year yields from McCulloch and Kwon's (1993) data. They find that the breakdown in the cointegrating relationship between short rates that occurs during the [1979] [1980] [1981] [1982] Federal Reserve operating policy shift does not appear in the longer maturity term structure. This suggests that risk premia behave differently over the maturity structure, and that the explanation that term premia become nonstationary with a regime shift may not hold true for longer maturities.
Similar evidence is found in a study by Froot (1989) , where survey data o n interest rate expectations are used to study the relative importance of time-varying term premia and expectational errors in explaining rejections of the pure expectations theory. He finds that average expected excess holding period returns increase with maturity, and that term premia on long term bonds are more volatile than those of shorter tenors. Canova and Marrinan (1995) study excess returns o n five-year securities generated by one-and three-month holding periods, and find that one-and three-month excess returns series have different statistical properties.
They conclude that there are "nontrivial differences in the risk characteristics i n agents investing at different maturities" (p. 64) and suggest that a segmented markets approach may be warranted. Engle et al. (1990, henceforth ENR) argue that a multivariate approach to the modelling of asset returns is clearly justified, since even in static asset pricing models, the full covariance matrix of asset returns is required to derive estimates of a single asset's risk premium. The implication for dynamic modeling of the term structure becomes an empirical challenge, as allowing for temporal heteroskedasticity in this covariance matrix will imply, for instance, a very high dimensional multivariate ARCH model. If the number of assets is kept small, the ability to incorporate these cross-market effects is hindered; yet the number of timevarying covariances to be modelled grows rapidly with the number of assets. ENR deal with this dilemma by proposing the use of Engle's (1987) Factor-ARCH specification, which provides a parsimonious structure for the conditional covariance matrix of asset returns, rendering the problem tractable for a sizable number of assets. In this section, we sketch their approach, which we then apply to the full term structure of Treasury returns. ENR model the N-vector y t of asset excess returns as dependent on a mean vector µ t and a time-varying covariance matrix H t , where H is then expressed (ENR (1)) as
where K, the number of common factors driving the covariance matrix, is presumably much smaller than N, and Ω is an NxN positive semi-definite matrix.
They illustrate that this model may be related to Ross' (1976) arbitrage pricing theory factor model. To implement the model, it is necessary to replace the unobservable factors λ kt with measures of the conditional variances of some "factor-representing" portfolios of the assets, θ kt , which are by construction perfectly correlated with the latent variables λ. In ENR's application to twelve maturities of Treasury bills and a stockmarket index, they choose two factors-an arbitrarily weighted bond portfolio and a pure stock portfolio-as sufficient, and apply a recursive representation where the stockmarket portfolio's excess returns are generated in a univariate model, but the bond portfolio's excess returns depend as well on the stockmarket portfolio's behavior.
Excess returns for Treasury and stockmarket index portfolios
We use the Coleman et al. (1993, henceforth CFI) yields to construct estimates of one-month holding period returns. Comparable returns on a diversified stock portfolio are derived from the CRSP value-weighted index for the NYSE/AMEX, which is first available in July 1962. Our sample for this section of the paper thus extends from that date through December 1992, the terminal point of CFI's study. The one-month tenor in CFI's data is taken as an estimate of the riskless return, and excess return series for all tenors and the stockmarket index are constructed as the difference between their one-month holding period returns and the corresponding "riskless" return. Summary statistics for these one-month excess return series are given in Table 1 . Mean excess returns are similar for the short-and medium-term tenors, but fall off sharply for 15 years, becoming negative at 20 years.
Excess returns for the stockmarket index are almost four times larger, on average, than for any Treasury security. The variance of excess returns series grows markedly with maturity, surpassing that of the stockmarket index for the 15-and 20-year tenors. Treasury excess returns are positively skewed: sizably for the short-term tenors, but negatively for the stockmarket. All excess return series exhibit excess kurtosis, generally declining with tenor; the stockmarket series' kurtosis is smaller than that of any tenor. Significant serial correlation is found in almost every Treasury series, but is not present in either the stockmarket series or its square.
The last row of the A natural question in considering a set of highly correlated assets such as Treasury securities of different tenors is the extent to which a small number of common factors are driving their prices and yields. To gauge this commonality, we followed ENR's approach and performed principal components analysis on the sample covariance matrix of the Treasury and stockmarket excess returns series. The largest eigenvalue explains 77 per cent of the total variance, with the second explaining 14 per cent and the third an additional five per cent. Almost 97 per cent of the total variance is explained by the first three principal components. Although the number of significant eigenvalues does not specifically indicate the number of dynamic factors appropriate for our model, it would appear that a two-factor model might be able to capture the behavior of the excess returns series.
Asymmetric GARCH models of portfolio excess returns
Following Engle et al. (1990, p .223), we do not attempt to determine portfolio weights within the model, but rather specify weights for two factor-representing portfolios: an equally-weighted bond portfolio and a portfolio containing only the stockmarket index. As noted above, the set of tenors for Treasuries in our data imply that the equally-weighted bond portfolio will have risk characteristics approximately equal to a 5.5-year tenor security. In fitting a GARCH model to the portfolio excess returns series, we considered various asymmetric forms of the basic GARCH model.
Other researchers (cf. Gourieroux and Monfort (1992) 
where R Stock is the excess returns series for the stockmarket portfolio. The asymmetry in the variance equation suggests that the conditional variance, θ Stock t , increases markedly when bond excess returns have been positive: that is, when the yield curve is positively sloped. This is appealing, in that it suggests that a higher In this model, the interactions between returns in the bond markets and the stockmarket capture investors' portfolio substitution behavior between these sectors of the capital markets. While ENR essentially modelled shifts between stocks and "cash," or very short-term Treasuries, we are able to consider longer-term fixedincome investments which possess substantial market risk.
A dynamic model of Treasury term structure volatility
Estimation of the models presented above for excess returns of the equallyweighted Treasury portfolio and the stockmarket portfolio has yielded two series for each of those portfolios: the predicted excess returns and the estimated conditional variances. Following Engle et al.'s methodology, these estimated series are used as predetermined variables in our models for individual maturities of Treasury securities' excess returns and conditional variances. The structure of the model implies that the individual securities' excess returns should be driven by the returns and conditional variances of a small number of common factors. In a first application, we model the security excess returns as a linear function of the two portfolios' excess return series, with a conditional variance given by a linear function of the two portfolios' conditional variances. This model (analogous to Engle et al., (1990, p.226) ) may be written as:
This model incorporates a constant, λ, in the mean equation, to capture nontime-varying components of the individual security's risk premium (for instance, the "on-the-run" effect that newly auctioned Treasury securities exhibit, in which their yield is driven down by demand for that specific issue). The model is estimated for each of the thirteen maturities. While the β coefficients are highly significant for all tenors, examination of their asymptotic standard errors indicate that the direct effect of the stockmarket portfolio's excess returns and conditional variance is of considerable importance for short-term Treasury returns, but never meaningful for tenors greater than two years. In contrast to Engle et al. (1990, p.226) , we found that the stockmarket index has significant direct effects on the 3-12 month segment of the yield curve.
Since the stockmarket factor does not appear to play a direct role in the individual securities' excess returns and conditional variances for medium or long tenors, we respecify the model as a single-factor model in which the estimated excess return and conditional variance of the equally-weighted bond portfolio is the only direct effect. This still incorporates the movements of the stockmarket portfolio, since the recursive structure of the portfolio models imply that the bond portfolio's excess returns and conditional variance estimates are derived from both the bond and stockmarket portfolios. The single-factor model estimated for individual Treasury maturities is thus:
Results for this single-factor model, estimated for each of the thirteen maturities via the BHHH algorithm, are presented in Table 2 . 4 The constant term, λ, Simple correlations of the predicted values of our one-factor model are quite high for adjacent tenors, and decline notably as the difference in tenors increases-a quite realistic outcome, given the workings of the Treasury market. For instance, one-year and three-year securities' returns are correlated at 0.91, but the correlation declines to 0.74 for ten year securities and 0.60 for twenty years' tenor. This feature of the model should be contrasted with the general equilibrium models of the term structure, such as that of Cox, Ingersoll and Ross (1985) , which generate perfect correlations among rates at all tenors. The correlations of these predicted values are quite consistent with the original excess return series to which they are fit; for instance, the correlations between 3-month securities' excess returns and those of 1-, 2-, 5-and 20-year securities are 0.768, 0.685, 0.550, and 0.381 over the full sample, whereas the correlations among the respective predicted values are 0.76, 0.67, 0.54 and 0.36. Thus, this aspect of the data-the observed comovements of the excess returns series across tenors-seems to be faithfully reflected in the one-factor model's estimates.
Summary remarks
We have implemented a variation on Engle et al.'s (1990) between volatility in the bond markets and the stockmarket are more precisely modelled in our analysis, in which we use an asymmetric GARCH approach to allow "good news" and "bad news" to have differing effects on the evolution of volatility. Despite the massive increase in Treasury rates' variance engendered by the Federal Reserve's 1979 shift in operating policy, the Factor-ARCH model captures the dynamics of the process, and is capable of dealing with the very sizable changes in bond returns generated at the long end of the term structure in response to parallel shifts in the yield curve. 1962:7 1966:7 1970:7 1974:7 1978:7 1982:7 1986: 
